Abstract-The GaInAsP microgear laser is a kind of microdisk laser but has a rotationally symmetric grating, which matches with the profile of the whispering gallery mode. In this study, we achieved the room temperature continuous-wave lasing with a threshold photopump power of 14 W for the smallest gear diameter of 2.02 m. We also observed the single-mode lasing in a deep grating device, where the -phase-shifted nonlasing mode completely disappeared. The experimental results were well explained by a three-dimensional finite-difference time-domain calculation and a consideration on the surface recombination. In addition, to increase the variety of the microgear, we proposed its fusion with a quasi-periodic photonic crystal (QPC), which also has a rotational symmetry. We theoretically estimated a sufficiently high of 21 600 for a QPC gear with a point defect of 1.6-m diameter, which is the smallest limit for a normal microdisk at a wavelength of 1.5-1.6 m.
I. INTRODUCTION

M
ICRODISKS, [1] - [4] microrings, [5] microcylinders, [6] , [7] , and so forth are semiconductor microlasers that operate by whispering gallery modes (WGMs). Particularly, microdisk lasers have a high due to their simple structure and strong optical confinement by the total internal reflection at semiconductor/air boundaries. Furthermore, in microdisks with compressively-strained quantum-well (CS-QW) active layer, the effective carrier confinement is achieved by the strain-relaxation effect [8] . Because of such effects, ultralow threshold lasings have been achieved. In our previous studies, we fabricated 1.5-1.6-m wavelength range GaInAsP-InP CS-QW devices, and obtained a threshold current of 40 A [9] and a threshold power of 30 W [10] in a current injection device and in a photopumped device, respectively, at room temperature under continuous wave (CW) condition. We also evaluated a large spontaneous emission factor, which is a unique property of microlasers suggesting the possibility of the thresholdless lasing [10] - [14] . However, when the cavity size is reduced to close to the diffraction limit of the WGM, i.e., 1.6 m diameter, the factor is seriously degraded. Moreover, this device often exhibits a nonlasing mode very close to the lasing mode. This mode is thought to have a -phase-shifted mode profile against the lasing mode profile. Such a mode is undesirable for the reduction in threshold and for the increase in spontaneous emission factor.
The microgear laser has a grating at the disk edge with a period equal to the half wavelength of the WGM [15] , [16] , as shown in Fig. 1 . The two-dimensional (2-D) finite-difference time-domain (FDTD) analysis with the equivalent index approximation explained the strong optical confinement and the single-mode operation as follows [13] . Let us assume here that only TE-polarized modes are allowed due to the electron transition between the conduction band and the heavy-hole valence band in CS-QWs. Then, the normal component of the magnetic field and the radial component of the electric field generate the WGM energy, while and the azimuthal component of the electric field generate the radiation power to outside of the cavity.
is discontinuous at the disk boundary, so it penetrates into air more deeply than . To compensate for this difference, is excited, and this results in radiation loss. In microgear lasers, penetration depths of and are equalized by the grating. Therefore, the generation of is suppressed, and the factor is increased. That is to say, it is possible to reduce the cavity size more than ever. In addition, of the -phase-shifted mode is more excited and its factor is reduced. Thus, this mode is suppressed and the stable single mode is realized.
Previously, we obtained the lasing operation with an effective threshold power of 21 W in a 2.7-m-diameter (inner diameter) GaInAsP-InP microgear laser [16] . (The claimed value in [16] was 17 W, but its evaluation was corrected in this study, as explained later.) However, there still remains room for the reduction in size and threshold. Besides, since the grating in the device was relatively shallow, the suppression of the -phase-shifted mode was not clear. In this paper, we first describe the improvement of the fabrication process and show some lasing characteristics exhibiting a lower threshold and clearer single-mode operation. Then, we present a three-dimensional (3-D) FDTD calculation, which was carried out in order to verify the above discussion based on the previous 2-D calculation. We will show that the result explains the experiment result very well.
In this paper, we also propose the fusion of a quasi-periodic photonic crystal (QPC) [17] - [19] and the microgear to overcome the size limit. The QPC has a higher order rotational symmetry, as shown in Fig. 2(a) . Its 2-D photonic bandgap (PBG), similar to that in a standard photonic crystal (PC), has been demonstrated theoretically and experimentally. The QPC inside the microgear laser, as shown in Fig. 2(c) , is expected to strengthen the confinement of the WGM and allow a smaller mode volume. In this paper, we show transmission and resonant characteristics of a QPC and its point-defect cavity, which were calculated by the 2-D FDTD method. Moreover, we show resonant characteristics of a more realistic QPC gear cavity by the 3-D FDTD method.
II. MICROGEAR LASERS
A. Fabrication Process and Lasing Characteristics
In this experiment, we prepared a GaInAsP-InP epitaxial wafer with five CS-QWs of 4-nm thickness each, 1% strain, and 1.58-m photoluminescence peak (this peak was redshifted after the disk formation by the strain relaxation [8] ). In addition to the CS-QWs, the active layer included 1.2-m-quaternary (Q) barrier layers of 10-nm thickness, and 1.2-, 1.15-, and 1.1-Q separate confinement heterostructure layers, each of which had a 30 nm thickness. Thus, the total thickness of the active layer was 240 nm. First, we evaporated Ti film on the substrate as a mask, and formed a resist pattern by electron beam (EB) lithography, as shown in Fig. 3(a) . Here, we used a data grid of 10 nm in the EB computer-aided design system, which was 2.5 times finer than before. This significantly improved the uniformity and symmetry of the grating. Next, we formed a Cr pattern by the evaporation and the liftoff technique, and transferred it to Ti using dry etching. The microgear mesa was formed by Cl Xe ICP etching. Conditions of these etchings were the same as those reported previously [10] , [16] . As shown in Fig. 3(b) , the mesa had almost vertical and smooth sidewalls. Finally, the Ti mask was removed by HF, the microgear disk was formed by the selective wet etching of the InP cladding using an HCl solution, as shown in Fig. 3(c) .
In the measurement, each device was photopumped continuously by 0.98-m semiconductor laser light through a lens system at room temperature (20 -22 ) . The emitted light was detected by a multimode fiber whose tip was placed 100 m apart from the device and 30 inclined against the substrate plane, and then analyzed by optical spectrum analyzer. Using the input power and the intensity distribution of the irradiated light on the substrate plane, the irradiated power to the device was calculated by the following:
( 1) where is the gear radius and is the radius from the center. The effective pump power (absorbed power) to the device is expressed by taking account of a resonant absorption inside the disk as (2) (3) where is the reflectivity at disk surfaces ( 30%), is the absorption coefficient of the disk 2 10 cm , and is the disk thickness ( 240 nm). (In our previous papers, we calculated without considering the resonance absorption and used only the first term of (2). Equation (3) indicates that the power should be corrected by factor 1 1 , which is calculated to be 1.23 for the above parameters.) Fig. 4(a) shows the lasing characteristics in a device, which exhibited the lowest threshold. The device had an inner diameter of 2.02 m, a grating number of 16, and a grating depth of 90-110 nm (there were some nonuniformities). The threshold effective pump power is estimated to be 14 W (irradiated power of 42 W). This is nearly 67% of that obtained previously [16] . The corresponding threshold power density is 380 W/cm or 76 W/cm well. This value is much lower than a threshold power density of 700 W/cm of the epitaxial wafer, which was estimated by converting the threshold current density ( 800 A/cm for long broad area lasers of this wafer) into power dimension. In the spectral characteristics, the lasing mode peak at W was 35 dB higher than the background spontaneous emission level, and the full-width at half-maximum (FWHM) was 0.3 nm, the resolution limit determined by the used multimode fiber for detection and by the optical spectrum analyzer. The lasing wavelength was 1.655 m, which was much longer than the wafer gain peak due to the above-mentioned strain relaxation effect. The lasing mode is considered to be the matching mode with the grating. Spectral characteristics in Fig. 4 (a) also show another strong intensity mode with 3-nm shorter wavelength. This nonlasing mode should be the -phase-shifted mode. The weak suppression of this mode is considered to be due to the shallow grating [15] . Fig. 4(b) shows lasing characteristics of another device with an inner diameter of 2.12 m, a grating number of 18 and a deeper grating depth of 360 nm. Unlike that for the shallow grating device, this device exhibited the clear single-mode lasing with a slightly broad linewidth at lower intensity level. The threshold power of this device was 27 W 82 W , which was twice that of (a).
B. Theoretical Analysis
The spectral characteristics in Section II-A showed the dependency on the grating depth. Such a dependency was not only observed for a limited number of devices, but also observed for many devices. In order to explain these characteristics, we calculated WGMs using the 3-D FDTD method. To model the shape of the lasing devices as true as possible, the inner diameter was set to be 2.10 or 2.16 m, the grating number to be 16 or 18, and the grating depth to be 90 or 360 nm, respectively, for a cubic Yee cell of 30-nm size. The total thickness of the disk was set to be 240 nm. QWs of 60 nm in total thickness were assumed at the center of the disk. As a refractive index of the QWs, we assumed a large value of 4.5. If the band edge of the QWs is flat, it may be more reasonable to use a lower index of about 3.5. However, since the lasing wavelength is determined by the WGM, the wavelength can shift from the band edge. In this case, the index sharply increases due to the material dispersion, so an index of 4.5 may be possible. In addition, spectra calculated by the FDTD method with an index of 4.5 well explained the experiment result, as shown later. Regarding other layers in the disk, we assumed indexes of 3.320, 3.292, and 3.265. Considering the crystal facet of the InP pedestal, which appeared after the HCl etching, we assumed a square cross-section of the pedestal with one side width of 540 nm. Its height and index were assumed to be 0.6 m and 3.17, respectively. The time interval between calculation steps was 0.025 fs, which satisfied the Courant's condition. The analytical space was 5.4 m 180 cells in the lateral direction, and 1.5 m 50 cells in the vertical direction. Mur's second-order absorbing condition was used as a boundary condition on the periphery of the analytical space. The excitation was given by a Gaussian pulse for the vertical component of the magnetic field , considering the TE-polarized emission of the CS-QWs. The time step at the pulse peak was 5000. The center wavelength and the full spectral width at of the maximum intensity were 1.65 m and 0.1 2 , respectively, where is the light velocity in vacuum. Under this condition, the spectrum covered the wavelength range of 1.55-1.75 m. An excitation point was set close to the disk edge at a middle azimuthal angle between the convex and concave of the grating. Near the disk edge, the excitation was easily coupled with the WGM. The middle angle is effective for exciting arbitrary phase modes. Fig. 5 (a) and (b) shows calculated spectra for the devices with shallow and deep gratings, respectively. Here, the distribution is also shown for each resonant mode. Such distributions were calculated by selectively exciting each mode with a narrow spectral width of 0.04 2 . In Fig. 5(a) , the main peak at 1.65 m should correspond to the lasing mode in the experiment, since antinodes of of this mode locate at convexes of the grating. Another peak at a slightly shorter wavelength should correspond to the -phase-shifted mode. The other two peaks at the shortest and longest wavelengths, which were not clearly observed in the experiment, are mismatching modes with the grating. On the other hand, in Fig. 5(b) , the -phase-shifted mode is absolutely disappearing. This difference between (a) and (b) agrees with the experimental result in Fig. 3 . Two possible reasons are considered for the difference. One is that the -phase-shifted mode is suppressed by the enhanced mode selectivity of the deep grating. The other is that the -phase-shifted mode is absolutely degenerated with the lasing mode. As observed in Fig. 5(b) , the antinode of is located at a middle angle between the convex and the concave. When we placed the excitation point at either angle just at the convex or the concave, we observed the distribution of the main mode or the -phase-shifted mode individually. These results imply that both modes exist simultaneously in the spectrum of Fig. 5(b) . The experimental linewidth of the lasing mode at lower intensity level, as shown in Fig. 4(b) can be explained by such degenerate modes.
The dependency of the resonant wavelength of the matching and -phase-shifted modes on the grating depth has been calculated previously by the 2-D FDTD method [16] . It indicated that the wavelength of the matching mode rapidly becomes longer in a shallow grating regime but saturates in a deep grating regime, while the wavelength of the -phase-shifted mode rapidly becomes longer in a deep grating regime. There is a cross-point for a grating depth of around 200 nm. In this study, we performed the similar calculation by the 3-D FDTD, but the result was almost the same. When the grating depth is equal to or less than 200 nm (almost equal to the penetration depth of the evanescent wave), the orbital length of the -phase-shifted mode is shortened by the grating, so its resonant wavelength becomes shorter than that of the matching mode. When the depth is larger than 200 nm, the spreading of to air is suppressed and the orbital length of the matching mode does not change so much, since antinodes of of this mode are located at concaves of the grating. On the other hand, antinodes of of the -phase-shifted mode are located at convexes of the grating, so can spread. Consequently, the orbital length of the mode increases and the wavelength becomes longer than the matching mode.
Next, let us consider the difference of threshold between the devices with different grating depths. As explained in Section I, the 2-D calculation showed that the radiation loss is caused by the excitation of . Fig. 6 shows the distribution of each electromagnetic component of the main mode in a microdisk and the two microgears, which was calculated by the 3-D FDTD method. As shown in Fig. 6(a) , in the microdisk is discontinuous at the disk boundary and largely spreading to air, so a large mismatch between and excites . In the shallow grating gear, this mismatch is slightly reduced, but is still excited, as shown in Fig. 6(b) . In the deep grating gear, the mismatch is further reduced and is more suppressed, as shown in Fig. 6(c) . These results are almost the same as those by the 2-D calculation. The ratio of the time-averaged radiation power to the stored mode energy indicated that the factors are 3300 and 3600 for the shallow and deep grating gears, respectively. They are not so significantly different, but still we should expect a lower threshold for the deep grating device. However, it cannot explain the experimental result.
Another explanation considered is the change of the surface recombination between the two devices. For the same epitaxial wafer, we measured the radiative recombination lifetime of 10 ns at threshold [20] and the surface recombination velocity of 1.2 10 cm/s. [21] From these results, we found that, for a microdisk of less than 2.5 m in diameter, the surface recombination becomes a dominant factor for threshold. Differences of the sidewall area and the active volume between the two devices cannot be ignored in estimating the threshold. If the same factor was assumed, the threshold for the shallow grating device was estimated to be the same as that for the microdisk, since the triangular-like shape grating of this device does not increase the sidewall area as such. On the other hand, the threshold for the deep grating device was estimated to be 1.9 times that of the shallow grating device. This value almost explains the experimental result.
III. FUSION OF QPC AND MICROGEAR
In this section, we discuss the QPC, as shown in Fig. 2(a) , which is composed of holes in a high index background. It has 12-fold rotational and line symmetries, so the structure has good consistency to the WGM of the microgear. Let us also discuss a QPC cavity, as shown in Fig. 2(b) , and the QPC gear, as shown in Fig. 2(c) . Here, the cavity is composed of a point defect of missing holes.
To confirm the PBG of the QPC, we first analyzed the transmission spectrum of the QPC by the 2-D FDTD method. The background index was assumed to be 2.65 (the typical equivalent index of the fundamental guided mode in the disk), the hole diameter to be 420 nm, the lattice constant to be 585 nm and the number of holes to be 337. The size of Yee cell was 15 nm and the time interval was 0.025 fs. The spectral width of the Gaussian excitation was 0. 16 2 , which covered the wavelength range of 1.50-1.80 m. The excitation points were chosen so that a plane wave incident to the QPC with an incident angle of 0 or 30 was excited. Fig. 7 shows calculated transmission spectra. A transmission suppression of over 20 dB is observed at the wavelength range of 1.67 to 1.80 m for both angles. This suggests the existence of a PBG.
Next, we calculated resonant characteristics in the QPC cavity by the 2-D FDTD method. In the calculation model, we assumed one or seven missing holes in the same QPC as that for Fig. 7 . As shown in Fig. 8 , clear resonant peaks and corresponding localized modes were observed in both cavities. The dipole modes in the single point defect in Fig. 8(a) look almost the same as those in the single defect photonic crystal cavity. [22] It is known that in a normal PC cavity, the splitting of two dipole modes occurs due to the break of mode degeneracy. Even though the splitting in Fig. 8(a) looks large, it is also arising from such a break of degeneracy in the calculation model with a small asymmetry. The factor of this mode was calculated to be 9700. In Fig. 8(b) , A and B correspond to radial mode order 1 and 0, and have factors of 7000 and 220 000, respectively. The high for mode B is attributed to its standing wave well matching with the hole arrangement around the defect.
A real device will have a disk shape to realize the 3-D strong optical confinement. Therefore, we next calculated modal characteristics in a QPC gear cavity by the 3-D FDTD method. The thickness and the index of the disk, and FDTD parameters were the same as those for Fig. 5 . The design of the QPC is the same as for Figs. 7 and 8. Fig. 9 shows resonant characteristics for the QPC gear with an outer disk diameter of 3.84 m. Similarly to the case of the 2-D calculation, the mode is well con- fined when it matches with the hole arrangement. The factor of this mode was calculated to be 21 600, which is sufficiently high for lasing. Another broad peak at a longer wavelength is a mismatching mode having a smaller azimuthal order. It should be noted that in this structure, the -phase-shifted mode is completely suppressed. The reason for this suppression is unclear, but it may be caused by the degeneracy similar to that in a microgear or a large phase shift of this mode by the QPC mirror, which disturbs the resonant condition in the defect.
IV. CONCLUSION
We fabricated microgear lasers of 2-m-diameter and 90-360 nm grating depth, and observed the room temperature CW lasing with the minimum threshold of 14 W and the single-mode operation in a deep grating device. The threshold is the lowest record for such kinds of microlasers. The results were well explained by the 3-D FDTD calculation and the surface recombination. In addition, we proposed the QPC gear, i.e., a fusion of a QPC point defect cavity and the microgear. The 2-D FDTD calculation demonstrated strongly localized modes in the QPC point defect cavity, which were similar to a dipole mode in a PC point defect cavity or a WGM in a microgear. The 3-D FDTD calculation of a more realistic device structure showed a high factor being sufficient for lasing. We expect the a further update of the lowest threshold by the QPC gear with a limit diameter less than 1.6 m and with a passivation technique, [21] which reduces the surface recombination.
